Microsatellites have been suggested as a means of enhancing a variety of proposed space missions, ranging from low Earth orbit to Solar System exploration. With improvements in propulsion technology geared toward microsatellites, the ultimate delta-V (∆V ) capabilities of some microsatellite systems are now in the range of several km/s, opening the doors to a variety of high ∆V , fast response scenarios. This paper provides a brief overview of propulsion technologies currently available for microsatellites, and an evaluation of each technology for potential use in a demanding mission. The sample mission is that of a microsatellite inspector which, starting in a 200 km parking orbit, must be diverted to rendezvous with another satellite in orbit at a different altitude and inclination. It is found that existing bipropellant microrocket designs provide a high thrust value, combined with a 300 s specific impulse, allowing for response times of only a few hours for such an inspector mission with ∆V requirements over 1 km/s. Miniaturized electrostatic thrusters provide the largest ultimate ∆V capability, approaching 10 km/s, but with a very low thrust level and therefore a response time capability of several months. Newly developed micro-solar thermal systems fill in the middle ground of these two options, providing the moderate thrust levels and specific impulse values necessary for a response time on the order of one day and a ∆V of several km/s.
I. Introduction L ight-weight (100 kg class and smaller) microsatellites, combined with miniaturized spacecraft components, are a well-established technology proven to reduce the costs and enhance the capabilities of certain space missions. Though the capabilities of microsatellites are traditionally more limited than those of their larger counterparts, the relatively small mass of microsatellites could allow for drastically reduced launch costs; reduced development times for microsatellites may also result in the use of more modern technology, which can enhance capabilities and mitigate some of the compromises made to reduce system mass.
1 Additionally, the concept of producing several similar or identical microsatellites provides another avenue for targeting the needs of specific missions; such a group of microsatellites could be flown in a cluster to replace a single large satellite, or flown separately to perform various aspects of a mission requiring presence at multiple locations or at various times. Further, if a satellite were to become damaged while in orbit, replacing a single microsatellite is fairly trivial when compared to replacing an entire, traditionally-sized satellite: a single, smaller satellite can be constructed and launched on shorter notice, and likely with decreased expense, when compared to the process required for a full-sized satellite.
The above-listed advantages of microsatellite missions are well known, but as yet, microsatellite capabilities in terms of the ultimate velocity increment (∆V ) available for station keeping, orbit transfers, and other maneuvers have been viewed as somewhat limited. However, newer technologies, by way of advanced micro-chemical and micro-electric propulsion systems, present the opportunity to remove that limitation, providing a combination of high thrust, high specific impulse, and high propellant throughput suitable for total velocity changes on the order of kilometers per second. Proposed microsatellite missions now include transfers from low Earth orbit (LEO) to geostationary orbit (GEO), transfers to lunar orbits, and even transfers beyond Earth orbit to explore other planets and various near-Earth objects (NEO's).
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It is the goal of this paper, therefore, to explore the feasibility of various technologies for achieving the goals of a novel, high-∆V , fast-response mission using microsatellite technology. The proposed mission is that of a microsatellite inspector that can, on short notice, be diverted from its orbit to rendezvous with another satellite. The purpose of this rendezvous may range from a simple close-range optical inspection or analysis of the destination satellite, to physical contact for purposes of increasing the target satellite's mission life via maintenance, refueling, or other such operations. 11, 13 Although many such inspector satellites could potentially be launched into varying initial orbits to yield flexibility and redundancy, and to limit the ∆V requirements on any one inspection mission, ∆V requirements are expected to be on the order of 1 km/s. In the interest of response time, thrust requirements will be placed at 10 mN or higher, though thrust levels over 1 N are ideal to ensure that required orbit alterations can be achieved in under one day.
II. Generalized Calculations
A microsatellite inspector, like that described above, would require a significant velocity increment to achieve the inclination change and altitude alteration necessary to rendezvous with another satellite (or several other satellites) in LEO. Additional ∆V requirements for slight rephasing of the orbit, or for a precise rendezvous with a target satellite, are neglected in this analysis.
Assuming an initial circular orbit at an altitude of 200 km, the ∆V required to alter the orbit altitude to various degrees (via Hohmann transfer) is illustrated in the plot provided in Figure 1(a) . Limiting the microsatellite to a maximum velocity increment of 1.5 km/s, an increase in altitude of 3500 km (to a 3700 km orbit altitude) could potentially be achieved.
Likewise, the ∆V 's required for various levels of inclination change at the altitudes the microsatellite might achieve are illustrated in Figure 1 1.5 km/s, and keeping the altitude at 200 km, an inclination change of 11
• is possible. Combining the calculations used to produce the plots in Figure 1 , and assuming the inclination change is performed after circularizing the orbit at the higher altitude, Figure 2 (a) was produced. Combined altitude and inclination changes could be optimized to reduce the total ∆V required, but performing the calculation in the manner described will provide an upper limit to the total required velocity increment, and allow for smaller, less certain, ∆V components such as minor orbit rephasing, attitude control, and precise rendezvous approach. Again limiting the craft to a total ∆V of 1.5 km/s, one can, for example, estimate that raising the orbit altitude to 2000 km (an 1800 km increase in altitude) requires 880 m/s ∆V , allowing for just over 5
• of inclination change to the final orbit. The required propellant mass for a 100 kg microsatellite, as a function of desired ∆V and thruster I sp , is illustrated in Figure 2 (b); calculations were performed using the idealized rocket equation. Whereas a higher I sp thruster requires less propellant, it would also generally require an electric propulsion system with a larger power supply and solar array, impinging on some (or all) of the mass benefit associated with reduced propellant consumption. Note also that in such systems, a higher specific impulse typically indicates reduced thrust, which will affect the transfer time capabilities of the microsatellite. Nonetheless, with any of the I sp ranges indicated in the plot, and achieved by various miniaturized thruster technologies, a microsatellite with a 1.5 km/s (or greater) ∆V capability is technically feasible. However, if a propellant fraction of 80% or less is required to allow for a useful payload capacity, then only those systems with I sp values in excess of 100 s will likely be suitable for the proposed mission.
III. Microsatellite Propulsion Technologies
A previous, exhaustive review of microsatellite propulsion technologies was completed by Mueller a decade ago. 14, 15 In the discussion to follow, we seek to survey the more recent developments in the field, while focusing on the high thrust and high ∆V needs of a rendezvous mission.
Multiple microsatellite propulsion technologies that may be suitable or adaptable to a satellite-rendezvous mission have been described recently in the literature. These technologies range from arrays of solid- 19 Non-chemical technologies include solar thermal propulsion mechanisms offering several hundred seconds of I sp while producing newtons of thrust, 9, 10, 20 and electric propulsion technologies for microsatellites that offer low thrust but up to several thousand second specific impulse values.
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A partial survey of existing microsatellite propulsion technologies was completed by Stein, et al. in 2008 . 26 An updated and augmented version of this compilation, including specifications of more advanced and higher-thrust miniaturized designs, is provided in Table 1 .
When analyzing the details of Table 1 , it is important to note that the specifications indicate traits of individual thrusters, whereas many of the technologies listed lend themselves well to satellite designs with multiple identical thrusters working in unison. Small-size, low-power thrusters are ideal for this type of operation, and a microsatellite designed with multiple small propulsive units of any of the types listed in Table 1 (except perhaps the higher-powered electric rockets) can be imagined. This is a common assumption, for example, in the design of microelectromechanical (MEMS) based bipropellant chips. 6, 16, 19 This strategy of design lends itself to an enhancement over the performance (thrust) of a single thruster, and also yields increased redundancy (and therefore reliability) relative to a single, larger thruster. As an example of such a configuration, a clear illustration of this concept is provided by Marcu, et al., 19 and it is reproduced here as Figure 3 . Table 2 . Propellant mass fraction required to achieve a 1.5 km/s velocity increment using select microthruster technologies. The I sp values assumed for each technology are typical, selected from within the ranges provided in Table  1 It is also noted here that the Hollow Cathode Thruster 47 design operates in multiple modes. At higher powers, the I sp and thrust are at the top of the ranges listed in Table 1 ; at lower powers, both the I sp and thrust are correspondingly small.
In cataloguing these technologies, novel methods of altering a spacecraft's trajectory such as the use of a "space tug"
6 or tether 12, 51 system have not been included. It is assumed that these systems do not provide the flexibility required for a microsatellite inspector type mission.
IV. Miniaturized Thruster Evaluation
In analyzing the likely needs of a high ∆V mission such as that of a microsatellite inspector, relatively high thrust values become important to enable a reasonable response time. To a first-order approximation, and assuming a relatively large 1 km/s velocity increment, achieving a response time on the order of 1 day requires thrust of approximately 1 N for a satellite with an initial mass of 100 kg. Such a fast (or faster) response time may be necessary in the case of inspecting a newly-launched satellite for damage or functionality. However, in the case of a repair or service (i.e.: refueling) mission, pre-planning may allow for a more extended approach to the target satellite. However, response time on the order of weeks or months (requiring 10 mN of thrust or more), rather than years or decades, are still expected to be necessary.
Therefore, technologies listed in Table 1 with thrust of only a few millinewtons or less are likely not suitable for the type of mission under investigation here. For this reason, low thrust electrostatic devices such as FEEP and colloid thrusters, electromagnetic devices such as micro-pulsed plasma thrusters (µPPTs) and vacuum arc thrusters (VATs), and laser-based thruster systems will be excluded from the discussion to follow.
Additionally, power consumption on a microsatellite is of significant concern. Taking the 1 W/kg order of magnitude estimate of satellite power used by Mueller, 15 a 100 kg microsatellite can only provide up to 100 W of continuous power. Thruster technologies that require much more than this figure are likely not suitable for this mission design.
Finally, the overall mass of the propulsion system, including the thruster itself and any required pumps, power systems, high-pressure tanks, or other such components, is of crucial concern for a mass-limited microsatellite. With a high-I sp thruster that can achieve a large ∆V using relatively little propellant, a system weighing up to several kilograms may be acceptable; for a system requiring more propellant to achieve the same ∆V , the system mass will be more critical to allow for the extra required propellant mass.
To illustrate the necessity of this trade-off, the propellant mass fractions required for select microsatellite thruster technologies to achieve a 1.5 km/s ∆V are listed in Table 2 . Note, for example, that achieving a 1.5 km/s change in velocity with a cold gas jet may require over 92 kg of propellant on a 100 kg microsatellite. Based on the evaluation metrics discussed above, the miniaturized thruster technologies with the most potential utility in a microsatellite inspector type mission are: Bipropellant, Monopropellant, Cold Gas, Solar Thermal, Electrothermal, and Electrostatic (Hall/Ion) thrusters. These technologies will be further explored below. It is noted here that while the term "microthruster" is often used to denote a thruster which produces thrust in the sub-millinewton range, the thrusters under consideration here are notable for their small size and power consumption, but are intended to produce large enough thrust to impart a significant velocity increment to the microsatellite in a short amount of time. Bipropellant microrockets are advanced MEMS devices, effectively integrating the necessary valves, pumps, combustion chamber, and nozzle onto a single microfabricated chip or assembly. Perhaps the most notable of the present options available in the literature is the design proposed by Marcu, et al., 19 which is estimated to produce up to 10 lb (45 N) of thrust per chip at an I sp of 300 s. The thrust-to-weight ratio of the chip is roughly 1000:1, indicating that the thruster mass, including turbopumps, valves, sensors, the combustion chamber, and the nozzle, weighs in at well under 100 grams. Further, the use of the turbopumps to pressurize the fuel is suggested as a means to save system mass by eliminating the need for a high-pressure propellant storage tank. 25 Each microrocket chip is fabricated from several layers of silicon and has a total volume of less than 2 cm 3 . This thruster design is illustrated in Figure 4 . The cost per newton of thrust for a chip-based propulsion system is expected to be a factor of 5-10 less than that of a traditional upper stage bipropellant engine.
IV.A. Bipropellant Microrockets
19 These chip-based engines consume very little power, and can be operated in clusters (see Figure 3) to enhance mission flexibility and reliability. Individual chips can still be throttled to vary thrust, and differing numbers of chips can be operated to further vary the thrust output. The chip-based bipropellant engines can still operate at hundreds of atmospheres of internal pressure with I sp values similar to those of their full-scale counterparts, so the performance penalty relative to full-sized conventional rockets is believed to be minimal.
Other, similar miniaturized bipropellant thruster technologies have been presented, 4, 6, 11, 16, 25 all providing roughly 300 s of I sp with thrust levels well above 1 N, and consuming only a few watts of power.
While much smaller bipropellant engines have also been designed, offering millinewtons of thrust, 11, 44 large efficiency losses due to heat loss and resistance to the flow are likely to occur in these very small bipropellant engines (i.e.: true microthrusters producing millinewtons or micronewtons of thrust). No such losses seem to be apparent at thrust levels greater than 1 N; the exhaust velocity (I sp ) of these MEMS microrockets should be equivalent to that of a full-sized thruster operating with the same propellants and combustion cycle.
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With multi-newton thrust values available to a microsatellite, fast response time for even a large ∆V is quite feasible. At 45 N of thrust, a ∆V of 1 km/s could be achieved in well under an hour for a 100 kg microsatellite. Clustering of several of these MEMS microrockets can be used to further enhance the thrust and response time, possibly achieving the thrust level required to approximate an instantaneous ∆V for a Hohmann-type orbit transfer.
Additionally, as can be seen via Figure 2(b) , with an I sp value of 300 s, well under 50 kg of propellant would be required to provide a 1.5 km/s ∆V , leaving enough mass budget on board the microsatellite for purposes such as payload mass or other satellite subsystems. Miniaturized monopropellant rockets, like that illustrated in Figure 5 , are very similar to their bipropellant counterparts, but with a simpler design due to the need for only a single propellant feed. Monopropellant designs also generally require a catalyst bed to ignite the propellant, 11, 25, 41-43 which is typically hydrazine or hydrogen peroxide. Additionally, the development of monopropellant designs for main propulsion systems on microsatellites benefits from the wide-scale use of small hydrazine thrusters for attitude control on larger satellites.
IV.B. Monopropellant Microrockets
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As with the bipropellant engines, the propellant can be stored in a pressurized tank (with the thruster operating in blowdown mode), or a miniaturized turbopump could be used to pressurize the fuel. Additionally, much like the bipropellant engines discussed above, small monopropellant thrusters are compact enough and consume little power so that they can be clustered to increase thrust, redundancy, and flexibility.
The miniaturized monopropellant thrusters catalogued in Table 1 have maximum thrust values only on the order of 1 N, 11, 25, [41] [42] [43] which is notably lower than the bipropellant thrusters. However, this deficiency is likely non-technological and merely an artifact of individual engineering goals or mission requirements. Many of the proposed thrusters are, in fact, intended for use on nanosatellites 10 kg or smaller. In many cases, MEMS fabricated chemical propulsion systems are being developed due to the effective miniaturization of thruster designs using this technique. 43 Combustion research plays a critical role in the success of these microscale thrusters with researchers attempting to design efficient, high temperature chemical propulsion systems. 52 The effects of miniaturization on the fluid mechanics, heat transfer, and combustion characteristics involved in micro-chemical devices will act to limit the efficiency of these systems. Research is required to investigate the effects of viscous boundary layers, microscale heat transfer, and large species gradients in order to improve the performance of micro-chemical propulsion systems.
A monopropellant microrocket would be simpler than a bipropellant system, requiring only a single fuel pump and one propellant tank. Whereas the monopropellant systems have notably lower I sp values (230 s vs. 300 s for bipropellant engines), the simplicity and potential mass savings of such a system (only one propellant tank, etc. required) may outweigh this performance deficit. A propellant mass of 50 kg could still provide 1.5 km/s of ∆V , allowing for a highly capable microsatellite. However, some researchers have run into lifetime issues with the catalyst bed required to ignite the monopropellant, noting a decrease in reactivity after several kilograms of propellant throughput;
42 this issue should be overcome via design optimizations. 
IV.C. Miniature Cold Gas Thrusters
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Recent work in cold gas thrusters suitable for microsatellites, especially that by Moog Inc., 40 has shown thrust levels of several newtons from thrusters weighing only a few grams. As an entire assembly, including miniaturized pressure regulators, valves, and thruster nozzles, but neglecting the high-pressure propellant tank, the system mass would be under 1 kg. All components have been designed to operate with high pressures and very low leak rates. Samples of these miniaturized components are illustrated in Figure 6 .
Whereas the thrust level of such a cold gas microthruster is suitable for a relatively fast response, the I sp value of a cold gas thruster is generally only 40-80 s, which significantly hampers the performance. Achieving a 1.5 km/s ∆V with such a cold gas thruster would require a propellant mass fraction of over 80%, leaving little mass budget available for other purposes.
It is noteworthy, however, that these thrusters from Moog Inc. 40 were tested running nitrogen and xenon as the propellant gas; switching to a lighter propellant (such as hydrogen) would significantly increase the exhaust velocity (I sp ), but would also likely increase the mass of the tank required to store the propellant. With a similar volume flow rate, a lighter propellant gas would also result in decreased thrust.
IV.D. Solar Thermal Thrusters
Solar thermal thrusters, which concentrate solar rays to heat a compressed gas propellant, offer a step up from cold gas microthrusters. Whereas such designs require additional mass in the form of solar collectors, the I sp can reach over 1000 s, with up to 1 N of thrust, operating on hydrogen propellant; 4, 9 heavier propellants such as ammonia can still produce I sp values of 300-400 s, 4, 8, 9, 20, 50 rivaling the capabilities of bipropellant engines in a very robust system. Two configurations, utilizing fiber optic lines to direct the collected solar flux, are illustrated in Figure 7 ; the solar flux can also be reflected directly onto the propellant heating chamber.
Whereas it may seem that a solar thermal propulsion system would have strict limitations due to times of eclipse or strict thrust-vector pointing requirements based on the orientation of sun, this is not necessarily the case. Solar thermal systems have been designed with thermal storage capabilities, allowing for augmented thrust (beyond that of a cold gas jet) in times of eclipse. 49, 50 Further, thrust-vector pointing relative to incoming sunlight can be varied by changing the orientation of solar concentrator arrays; additional flexibility in this regard can be offered via fiber optic cables used to pass sunlight from the concentrator focal point to the propellant heating cavity.
8, 9, 49, 50
The mass of the collection system can be fairly large, possibly requiring several square meters of solar concentrator and a significant mass of fiber optic cables to carry the equivalent intensity of several thousand suns.
9 A system mass of over 20 kg to achieve 1 N of thrust and 1000 s of I sp on hydrogen is a possibility, but switching to (heavier) ammonia propellant at a similar thrust level and 400 s I sp would significantly decrease the mass of the solar thermal propulsion system to roughly 7 kg, excluding the propellant. 9 Additionally, this system design assumes several kilograms of fiber optic lines and couplings; reflecting sunlight directly onto the propellant heating zone could eliminate this mass, albeit at the cost of some system flexibility.
Even with a 20 kg solar thermal system, however, at an I sp of 1000 s, only 20 kg of propellant would be required to achieve a 1.5 km/s ∆V , resulting in an entire propulsion system, including propellant, with a mass less than 50% that of a highly-capable microsatellite. With a 7-8 kg ammonia system with a 300-400 s I sp , 40-50 kg of propellant would be required for such a ∆V , resulting in a similar fraction of the satellite mass being taken up by the propulsion system. At 1 N of thrust, this ∆V would be achievable in under one day, providing a reasonable response time for a microsatellite inspector or rendezvous type mission.
IV.E. Electrothermal Microthrusters
Electrothermal rockets, such as arcjets and resistojets, utilize electric power to heat a propellant gas. For microsatellite purposes, the amount of power that can be supplied (and therefore the maximum optimal gas flow rate) is limited by the power bus of the satellite; for a 100 kg satellite, this limit is likely around 100 W of continuous power.
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Small resistojets, like that illustrated in Figure 8 , have been shown to operate on a wide variety of propellants, including ammonia, butane, hydrogen, nitrogen, and noble gases. 38 In the microsatellite power range, small resistojets producing up to 220 mN of thrust operating on up to 80 W of augmenting power have been demonstrated.
11 Two examples include a 13.7 W resistojet operating on butane propellant to produce 100 mN of thrust at 100 s of I sp 11, 38 and an 80 W resistojet with xenon propellant producing 220 mN of thrust at an I sp of 50 s.
11 Both of these devices weigh approximately 200 g.
11
A typical resistojet, by increasing the temperature of the gas by several hundred kelvin, provides up to a 70% increase in the I sp value relative to a cold gas jet. 38 Even in that case, however, the I sp value is still in a relatively inefficient range for producing large ∆V values in a microsatellite. For example, Gibbon, et al. describe tests with various resistojets at power ranges from 10-55 W operating on xenon; these thrusters only provide an I sp in the range of 40-60 s with thrust up to 90 mN. 38 Switching to nitrogen, the I sp approached 100 s with thrust still below 100 mN.
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Additionally, the thrust of a small-scale resistojet seems to underperform relative to the capabilities of a cold gas jet, without a significant savings in propellant mass (via I sp ). It is postulated that when power is limited by microsatellite capabilities, the mass flow must be restricted considerably to allow enough heating of the gas via the resistojet heaters. This limits the thrust that can be produced by a resistojet. When response time is a concern, a 1-3 N cold gas thruster may be a better option than a resistojet that produces 10% of the thrust at only a slightly higher I sp , while requiring additional power supplies and other components.
Microscale arcjets have also been investigated for microsatellite applications. Thrust obtained by a laser machined micro-arcjet was 1.4 mN. 39 Although this is a relatively low thrust for a microscale electrothermal thruster, it was obtained using only 3.6 W of input power. This microscale arcjet has a specific impulse of 138 s with a thrust efficiency of 24% using a nitrogen propellant. An advantage of microscale electrothermal propulsion systems is the ability to vary the input power and propellant mass flow to meet a wide variety of mission requirements. Thrust and specific impulse can be traded in a given propulsion system to meet the needs of a particular scenario. Thruster lifetime and heat transfer issues are obvious drawbacks to microscale arcjets. These issues can be compounded at the microscale.
IV.F. Miniaturized Electrostatic Thrusters
As with resistojets, the ultimate capabilities of an electrostatic (ion engine or Hall thruster) system will be limited by the power available onboard a microsatellite. Whereas such devices offer a high I sp , the thrust is ultimately limited by the power supply. A miniaturized ion engine known as the Miniature Xenon Ion (MiXI) thruster, for example, has been developed with up to 3200 s of specific impulse, operating on up to 50 W of power; the thrust, however, is limited to a maximum value of 1.5 mN.
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Likewise, multiple miniaturized Hall thrusters have been constructed, 29, 30 including several with a novel cylindrical geometry intended to decrease the excessive wall-losses associated with small coaxial thrusters. 27, 28, 31, 32 Such miniaturized Hall thruster systems operate in the sub-1000 s I sp range, and still only produce, at best, a few millinewtons of thrust.
Pushing the limits of microsatellite capability is the Hall thruster design of Berti, et al. 23 and Biagioni, et al., 24 illustrated in Figure 9 . This thruster, which consumes a nominal power of 100 W, can operate over the range of 60-160 W. The Hall thruster can produce 3-10 mN of thrust with an I sp greater than 1000 s. Biagioni, et al. further specify that their thruster weighs 0.6 kg and that the power and flow control systems required would only add an additional 4 kg, 24 indicating that the system would fit well within the mass-budget of a microsatellite.
In light of the low thrust limitations of electrostatic thrusters, they are not suitable for a fast-response mission in low Earth orbit. The high I sp value of these systems provides the capability to deliver a 1.5 km/s velocity increment to a microsatellite with 10-20 kg of propellant. However, this would require at least 100 days of thruster operation. Provided that suitable power was available, and that time response was not an issue, an electrostatic thruster might be ideal for the scheduled maintenance or refueling of several satellites, to occur over the course of many months to several years.
IV.G. Other Noteworthy Technologies
A thruster design termed a "micronozzle with decomposing solid" 45 may also be of interest for this analysis. For this thruster type, only I sp data (230 s) is currently published, but the technology offers the advantage of long-term, high-density storage. 45 This could be suitable for a microsatellite launched into a LEO parking orbit, then hibernating for years or decades until its inspection capabilities are needed.
V. Discussion
An additional note worth making is that the ultimate lifetime or propellant throughput capability of a microthruster does not often accompany its other performance data in the literature. While lifetime goals of at least several hours of operation are listed for some miniaturized chemical thrusters, 25 actual lifetime test data is not available for most of the thruster designs. Whereas simple cold gas thrusters, solar thermal, electrothermal, and electrostatic systems can generally be expected to run for thousands of hours, some questions remain as to whether certain MEMS-based chemical microthruster devices could provide a propellant throughput of several 10's of kilograms.
Another note on miniaturized chemical thrusters, however, is that the listed thrust values in no way represent a maximum for this technology -clearly, there exist monopropellant and bipropellant engines with many orders of magnitude greater thrust, and it is plausible that the microrocket versions could be scaled up slightly to produce higher thrust and still remain within the mass and power limits for a microsatellite. Other technologies (i.e. electrothermal or electrostatic devices that require electric power to generate or enhance thrust) may not be able to scale up and still remain within the microsatellite power budget limits.
Nonetheless, the state of the art appears promising for microsatellites with rendezvous or inspection capabilities. Relatively high thrust miniaturized monopropellant and bipropellant chemical thrusters exist that should provide fast response times with ∆V capabilities over 1 km/s. Solar thermal systems designed for microsatellites provide moderate thrust at a high I sp level that could provide for an even greater ∆V capability, but with some extra penalty in terms of the mass required to collect, concentrate, and direct the sunlight. Miniaturized electrostatic thrusters, with I sp values well over 1000 s, could provide for total velocity increments approaching 10 km/s on a microsatellite system, albeit at very low thrust levels yielding likely response times on the order of several months.
VI. Conclusion
Ultimately, for the Department of Defense and other parties that may be interested in the type of rendezvous or inspection mission discussed here, a relatively fast response time will likely be a strong deciding factor in selecting the propulsion technology for such a microsatellite.
With this in mind, the miniaturized monopropellant and bipropellant engines estimated to produce several newtons of thrust are likely ideal. With these systems, a ∆V over 1 km/s would be achieved in roughly an hour. The small size and low power consumption of these systems also allows for the option to cluster multiple thrusters to further increase a microsatellite's capabilities and flexibility. However, these miniaturized chemical rockets are yet to be exhaustively tested to precisely measure critical characteristics such as thrust, total propellant throughput, and thruster lifetime. Acceptable capabilities and longevity would need to be experimentally verified before the technology could be flown on-board a critical microsatellite mission.
Proposed solar thermal propulsion systems can exceed the I sp of a chemical system, with a relatively small sacrifice in system thrust and response time. Potentially capable of a 1.5 km/s ∆V in less than one day, rendezvous could still be achieved on a relatively short time scale. While the robustness and reliability of such a simple system is likely high, the development of these thrusters specifically for microsatellites, including options such as fiber-optic coupling and thermal storage, appears to be at a relatively early stage of development. Nonetheless, a previous study carried out by the Surrey Space Center 8 confirmed the feasibility of utilizing miniaturized solar thermal propulsion systems for high performance microsatellites. Further research and development of this technology is recommended, as solar thermal propulsion is another strong candidate for microsatellite inspector systems.
